An outline of the physics reasons to pursue a future programme in high-energy colliders is presented.
what was needed to complete satisfactorily the existing framework and the new particle fell into its place like the missing piece of a jigsaw puzzle. Instead, the discovery of the Higgs boson leaves many questions unanswered. The top quark was the culmination of a discovery process; the Higgs boson appears to be the starting point of an exploration process.
The status of high-energy physics
At the end of the 19 th century, physics was in a satisfactory state, able to describe all known phenomena. This was summarised by the slogan: "There is nothing more to discover in physics; all that remains is more and more precise measurements." Nonetheless, in a famous speech delivered in 1900, Lord Kelvin identified a few 'clouds' obscuring the bright sky of 19 th century physics. Luckily, some physicists did not ignore those clues: relativity and quantum mechanics followed.
Similarly, today the Standard Model of particle physics, together with the current model of cosmology and a sufficient number of free parameters, are able to describe all known phenomena. But, watching attentively, we see some 'clouds' in the horizon.
Puzzles in today's particle physics come from structural problems of the Standard Model (the nature of the Higgs boson, Higgs naturalness, the origin of symmetry breaking dynamics, the stability of the Higgs potential, the pattern of quark and lepton masses and mixings, the dynamics generating neutrino masses), from embedding the Standard Model into a broader framework (unification of forces, quantum gravity, cosmological constant), from attempts to give particle-physics explanations of cosmological properties (the nature and origin of dark matter, dark energy, cosmic baryon asymmetry, inflation).
Just as at the end of the 19 th century, one may argue today that the Standard Model is satisfactory and there is nothing more to discover in particle physics, other than making more precise measurements. Nonetheless, clues should not be dismissed because those 'clouds' could be symptoms of a more fundamental disease. The real limitation of 19 th century physics was describing nature in terms of disconnected theories (mechanics, gravitation, electromagnetism, thermodynamics, optics, etc.) lacking a unified vision. Today, the Standard Model's shortcomings may be indicators of a deep structural limitation of our theoretical description. Without searching, we will never find answers.
Special puzzles for the LHC
Out of the many 'clouds' that could turn into storms shattering the Standard Model, two of them are playing a special role at the LHC: Higgs naturalness and dark matter. This is because there are good arguments to link these problems to the energy domain explored by the LHC. In other words, they are the most likely place to find surprises at the LHC.
Starting from these clues, in the past decades theorists have elaborated hypotheses to address some of the shortcomings of the Standard Model, proposing new bold ideas such as supersymmetry, technicolour, extra dimensions, Higgs compositeness, and a variety of other speculative theories. So far, the LHC has given no positive indication for the existence of new phenomena, ruling out many versions of the postulated theories. This is nothing other than the scientific method at work. Experiments act as a 'natural selection' process in which some theoretical hypotheses become extinct and others evolve, according to 'survival of the fittest.' Although the LHC programme is still at the beginning and it is premature to draw definitive conclusions, it is already clear that the LHC is radically reshaping our perspective on the particle world. The LHC experimental results are forcing theorists to think differently about problems and to search for new solutions. In this situation of renewed theoretical exploration, experimental physics is needed -more than ever -to break new ground.
Measurements versus discoveries
The rugged and twisted path towards scientific knowledge is punctuated not only by discoveries, but also by disproved hypotheses and null results that redirect research. As shown repeatedly by history, the non-discovery of expected results can be as effective as the discovery of unexpected results in igniting momentous paradigm changes. When 19 th century theorists were puzzled about how electromagnetic waves could propagate, armed with Maxwell's theory, they addressed the conundrum by hypothesising the existence of a new medium -the aether. The lack of discoveries in the Michelson-Morley experiment ruled out this hypothesis and eventually triggered a much more revolutionary solution: special relativity.
When Le Verrier was puzzled by the discrepancy in the precession of Mercury's perihelion, he turned to Newton's gravity for a solution and predicted the existence of a new planet, named Vulcan. The planet was never discovered and the real solution turned out to be much more revolutionary: general relativity.
These two examples illustrate an identical pattern. When scientists are confronted with a problem, they first look for solutions within the accepted theoretical framework. When experiments declare a non-discovery, then scientists are forced to think differently and this may spark a paradigm change.
The lesson is that maybe the solutions devised so far by particle physicists to deal with the shortcomings of the Standard Model are too much rooted in the currently accepted framework. In spite of their bold appearance, the proposed theories may be regarded only as logical extensions of the same principles that govern the Standard Model. The LHC experimental results may push theoretical thinking into the territory of radical changes.
Measurements, and not only new discoveries, can provide the decisive steps in advancing science. A pertinent example is the story of LEP. In spite of the lack of any discovery of new particles, LEP transformed particle physics like few other projects before. It established the gauge paradigm as the ruling principle of the Standard Model, it pruned away a variety of alternative hypotheses, it substantiated the existence of only three generations of quarks and leptons (by 'not discovering' additional light neutrinos), it brought the question of force unification to a quantitative level, it revolutionised the use of precision measurements to gain knowledge of short-distance phenomena. It is largely because of LEP that today we recognise the formidable power of gauge theories and the conceptual synthesis of the Standard Model.
What can we learn from future high-energy colliders?
Fundamental research beyond the frontiers of knowledge is -by definition -unpredictable. When Galileo perfected the telescope, he could not foretell how many moons were to be discovered around Jupiter. When we propose a new high-energy collider, we cannot declare the number of particles we are going to discover, but we can only define the questions we want to address.
However, in spite of the exploratory nature of collider projects, with today's information we can already identify two main research programmes that have guaranteed goals and that will contribute significantly in expanding our knowledge of particle physics.
The Higgs programme
The discovery of the Higgs boson has opened a new compelling experimental programme. It entails searching into unexplored territory, since the LHC has so far only scratched the surface of the phenomena. Exploring the characteristics of the Higgs boson and its associated forces, establishing their nature and understanding their origin are essential objectives of future collider projects. Indeed, all existing proposals for future accelerators have the Higgs programme as a primary goal.
Interestingly, different projects have a complementary role in the exploration of the Higgs forces. Linear or circular electron-positron colliders can measure the main Higgs interactions at the percent level or better, including the as-yet untested interaction with the charm quark. Exploiting the formidable rates of Higgs-boson production, future proton-proton colliders can then pursue further these studies and test rare Higgs decays, including the measurement of the Higgs interaction with muons at the percent level. Moreover, highenergy proton-proton colliders can measure with precision better than ten percent the Higgs self-interaction, directly testing another new kind of force that is responsible for generating the non-trivial structure of the Higgs vacuum. The synergy between different projects is illustrated by the measurement of the Higgs interaction with top quarks, which can reach the percent precision at proton-proton colliders only thanks to information derived from future electron-positron collider data.
These measurements are not done purely for the sake of precision, but because they provide us with new knowledge about the least understood and most puzzling sector of the Standard Model. From these measurements we will learn about untested fundamental forces of nature, about the dynamics of the space-time vacuum, and about the mechanism responsible for the masses of Standard Model particles.
The goals of the Higgs programme may sound rather abstract. On the contrary, this research explores the fundamental reasons for the properties of material objects. If the interaction of the Higgs to quarks were stronger by only a factor of 5 (at fixed value of the Higgs vacuum), atomic nuclei would not be stable. Changing the strength of the Higgs interaction to electrons would modify the size of atoms, and no bound atom could form if this interaction didn't exist. Understanding the Higgs properties means understanding the underlying reasons for the structure of matter. The precision programme One of the most important legacies of the LHC is about experimental capabilities. Progress in data analysis and detector performance, combined with advanced theoretical calculations, led to previously unimaginable precision in measurements at proton-proton colliders. Today the LHC is performing measurements that would have been unthinkable at the time in which the project was designed. This patrimony of experience opens up the possibility of precision studies at future colliders, thus probing distances much smaller than those directly explored by the collider energy.
Just like for the Higgs programme, electron-positron and proton-proton colliders can complement each other in the precision programme. By measuring precisely the properties of known particles (such as the W , Z, and top quark) at extreme high-energy conditions, not only do we gain knowledge about those particles, but we also explore new phenomena that could help us to resolve some of the Standard Model's shortcomings. The stupendous number of W , Z, and top quarks that can be produced at future colliders provides an unprecedented probe of the detailed properties of the Standard Model.
A particularly interesting aspect of this precision programme is the study of a special class of decay processes involving quarks and leptons (the so-called 'flavour physics'). These processes offer a unique opportunity for new discoveries because in the Standard Model, for accidental reasons related to the structure of the theory, they happen to be very rare or even absolutely forbidden. To a certain extent, the study of these processes investigates, from a different angle, the same new forces explored by the Higgs programme.
Exploration
Particle physics has always been driven by the spirit of exploration, down into the depths of space-time. This exploration has rewarded us with amazing insight into the fundamental laws of nature. The same spirit of exploration remains today the primary motivation for any post-LHC project. Exploration is the very spirit and essence of research.
Many of the conceptual tools that led to progress in our understanding of the early evolution of the universe and its large-scale structure came -almost paradoxically -from our study of the microworld. There are many known examples of this deep connection between elementary particles and the cosmos. A most pertinent one is cosmic inflation, in which a Higgs-like field is taken as a prototype to explain the early evolution of the universe and the creation of the structures in matter and radiation that we observe in the sky.
Today particle physics and cosmology are inextricably intertwined. More in general, research in particle physics is evolving towards an interplay of different subjects addressing, from different angles, related questions in fundamental physics. In this situation it is futile to expect substantial progress by pushing only a single line of research. Further advancements require a global scientific effort with a diversified experimental programme that ranges from particle physics to observational cosmology, astroparticle physics and beyond.
In the context of this broad scientific effort, high-energy colliders remain an indispensable and irreplaceable tool to continue our exploration of the inner workings of the universe. While each experimental technique can contribute to this search from a different and complementary perspective, high-energy colliders remain the best microscopes at our disposal, with a formidable exploration power into the mysteries of matter at short distances. No other instrument or research programme can replace high-energy colliders in the search for the fundamental laws governing the universe.
